ABSTRACT Subsynchronous oscillation (SSO) phenomena caused by interactions between controllers of Doubly-fed induction generators (DFIGs) and series capacitor compensators has been well recognized. However, SSO can also happen on a DFIG-based wind farm without series compensation as reported in a recent real event. This paper firstly analyzes the recorded voltage waveform during this SSO event. Then an equivalent model of the system including the wind farm, static synchronous compensator (STATCOM) and the power grid was established. The paper derives the subsynchronous frequency response of the DFIG converter together with the STATCOM in detail and gives the criterion for SSO to occur, which is verified by both time domain simulation and spectrum analysis. The methodology adopted in this paper can be generalized to analyze the causes of a type of SSO that involves DFIGs and STATCOM but not series compensation. The paper also provides practical suggestions on adjustments of control parameters with the DFIG and STATCOM to prevent this type of SSO.
I. INTRODUCTION
In the recent decade, with the fast growth in the installation capacity of wind generation, subsynchronous oscillation (SSO) problems in wind farms were increasingly reported, threatening the stability and performance of power systems.
Many recent works studied the modeling, mechanism analysis and mitigation on SSO phenomena in wind farms. For example, the model of a DFIG-based wind farm was set up for SSO analysis, and induction generator effect was thought to a cause of SSO rather than torsional interaction [1] , [2] . In 2009, an SSO event in Texas, USA, caused by the subsynchronous control interaction between wind turbines and series capacitors was firstly reported [3] . Simulation
The associate editor coordinating the review of this manuscript and approving it for publication was Yijie Wang. requirements for analysis of such subsynchronous control interaction phenomena were introduced in [4] . The impedance-based model [5] , [6] , nonlinear model [7] and aggregated RLC circuit model [8] were utilized to analyze subsynchronous resonance (SSR) in a wind farm. In reference [9] , frequency scanning and small signal analysis were used to study subsynchronous interaction in wind farms. Influence of regional load on SSR of a wind farm has been performed in [10] . Different control strategies of a wind turbine were designed to damp SSO [11] - [17] . SSO events on permanent magnet synchronous generator (PMSG) based wind farms were reported in China [18] - [22] , which in characteristics are different from the Texas event.
More researchers have realized that reactive power compensators can play an influential role in SSO characteristics [23] - [28] . Controls based on dynamic reactive power VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ compensators, such as thyristor controlled series compensators (TCSC), static var compensators (SVC) and static synchronous compensator (STATCOM) were proposed for suppressing SSO [23] , [24] . Eigenvalue analysis and simulation were conducted in [24] - [28] to demonstrate alleviation of SSO by a STATCOM. Existing works on SSO focus on the subsynchronous control interaction between a DFIG-based wind farm and series compensation and influences from STATCOM. There is still a lack of research on the mechanism of SSO in a power system without series compensation. The contributions of this paper include:
• A new criterion on the cause of SSO in a DIFG-based wind farm without series compensation
• Identification of critical frequencies at which the DFIG and STATCOM controllers will boost the SSO components.
• Some insights on prevention and suppression of this type of SSO by properly configuration of controller parameters.
The rest of this paper is organized as follows: An SSO event in Xinjiang power grid without a series compensated line is reviewed in section II. The criterion for SSO in an equivalent power system without a series compensated line is derived and then verified by time domain simulation and spectrum analysis in section III. Section IV shows the effects of STATCOM parameters and reactive power output on SSO and provides suggestions on prevention and suppression of this type of SSO. Section V concludes the whole paper.
II. AN SSO EVENT IN PRACTICAL DFIG-BASED WIND FARM WITHOUT A SERIES COMPENSATION LINE
The network diagram of the Jingxia renewable energy collection zone in Northwest China is shown in Fig.1 . The wind power in Guohua wind farm is transmitted through 110kV transmission lines. Then the power is sent to the primary power grid through a 220kV transmission line.
On September 16, 2017, a severe SSO event occurred in the Northwest power grid of China. This ''9.16'' event was a typical SSO with DFIG-based wind farms in a power system without series compensated lines. Confirmed by the field data and the grid dispatching department, the oscillation was initially observed between the wind farms connected to the Jingxia South booster station and the Yandun booster station.
The Jingxia South collection substation is connected to Guohua wind farm, installing 300 sets of HZ111-2000L wind turbines with a capacity of 2MW and the total capacity of wind power farm is 600MW. There are six sets of ±45Mvar STATCOM on the 35kV side of Jingxia South booster station. Before the oscillation occurred, 298 wind generator units were connected to the grid. The Guohua wind farm had a wind speed of 12.3m/s, and active power output is 542 MW. STATCOMs in Jingxia South booster station was operated at constant power. Fig.2 shows the voltage waveform of the Guohua wind farm when oscillation occurred. The oscillation lasted about one minute, and the process of oscillation can be divided into three stages. In the first stage, the bus voltage of the Guohua wind farm began to fluctuate due to a small disturbance, and the oscillation amplitude was relatively low. The oscillation frequency was about 37.5Hz from Prony analysis. In the second stage, harmonics caused by the oscillation made reactive power output of the No.1 STATCOM reduce from 42.2MVar to 0. Then reactive power from No.2 to No.6 STATCOMs successively dropped to 0, and the voltage oscillation waveform quickly diverged. In the third stage, the protection devices made wind turbines in Guohua Wind farm tripped off gradually. The bus voltage rose obviously accompanied by the oscillation. After all of the wind power units exited from the operation, the oscillation ended. Then the STATCOM gradually resumed operation, and the bus voltage returned to the level before oscillation.
A. SPECIFIC PROCESS OF THE SSO EVENT

B. SSO CHARACTERISTICS WORTH DISCUSSING
It can be summarized from the above description that in the entire process of the SSO event, the following three points are worthy of analysis and discussion in detail:
1) In the first stage, what was the reason for the 37.5Hz oscillation? There was no series compensation capacitor in the transmission line of Jingxia area, so the interaction between the wind farm and STATCOM should be considered. 2) In the second stage, the oscillation suddenly diverged due to a reactive power reduction of the STATCOM. Consequently, the relation between the amplitude of SSO and the reactive power output of the STATCOM should be researched in detail. 3) During the trip-off process of wind turbines, the oscillation was accompanied by an apparent voltage rise, indicating that the operating state of the system changed during the oscillation.
The rest of this paper will focus on the mechanism of this type of SSO and its influencing factors, i.e., the first and second stage of the SSO event. The impact of DFIG and STATCOM controls on the stability of the wind farm connected to a power grid will be studied in detail.
III. THE MECHANISM OF WIND FARM SSO WITHOUT SERIES COMPENSATED LINES
A. THE EQUIVALENT SYSTEM MODEL As shown in Fig.3 , an equivalent system having one DFIG and one STATCOM but no series compensation was established to analyze the mechanism of this type of SSO. It uses detailed models for both the DFIG and STATCOM, and the external power grid is considered as a constant voltage source. Although the equivalent system does not fully represent all details of a real wind farm of DFIGs connected to a power grid, it can serve well the purpose of finding the real causes of this type of SSO.
In Fig.3 , PCC is abbreviation of the point of common connection, RSC and GSC represent the rotor-side converter and the grid-side converter, U s is the voltage of PCC, R and L is separately the resistor and inductance of the equivalent transmission line, P and Q represent the active power and reactive power of the wind farm. The models of the DFIG and STATCOM can easily be found in existing literature and are not introduced in detail in this paper. The DFIG mainly controls the active and reactive power generated by the generator through the converter controlling the rotor voltage and realizes decoupling control of the active and reactive power.
The control block diagram of its rotor-side converter is shown in Fig.4 . K p1 and K i1 are the proportional and 
B. THE MECHANISM OF SSO WITH DFIG-BASED WIND FARM AND STATCOM
When a disturbance occurs, there are components of various frequencies in the stator of the DFIG. We assume that there is a subsynchronous component superimposed on the fundamental frequency component, and the stator voltage and current of the DFIG can be expressed as follows.
where ω er is the angular frequency of the subsynchronous component, ω 1 is the angular frequency of fundamental frequency component; U s and φ u represent the effective value and initial phase of the fundamental frequency voltage; I s and φ i are the effective value and initial phase of the fundamental frequency current; U er and φ uer are the effective value and initial phase of the voltage of the subsynchronous component; I er and φ ier are the effective value and initial phase of the current of the subsynchronous component. Then they are transformed to the synchronous rotating d-q coordinate system through Park.
Accordingly, the power increment can be expressed as follows.
The DFIG controller senses the variation of the voltage, current and power, which causes the change of the rotor voltage and current.
According to the RSC control system, the response of the rotor voltage to the subsynchronous component can be
The relationship between the stator and rotor currents is
Combine (5) and (6) to obtain
where
The subsynchronous component of the rotor current can be solved, and the subsynchronous component of induced stator current is obtained.
where I sd_er , I sq_er , φ sd and φ sq are the amplitude gain and phase deviation between the d and q-axes induced stator currents and the d and q-axes original subsynchronous currents in the d-q coordinates system. Then, through the coupling action of the stator and rotor, the voltage and current induced by the stator will be superimposed on the original disturbance.
Similarly, STATCOM will also respond to the subsynchronous components in the line. The q-axis resonant component of the AC voltage and current in the d-q rotating coordinate system is obtained.
Under the action of the STATCOM controller, the subsynchronous component of the trigger signal can be obtained.
The relationship between the current injected from the STATCOM and the trigger pulse can be expressed as Therefore, the induced oscillating component of the current can be expressed as (14) In (14), I q _ er and φ q are the amplitude gain and phase deviation between the induced output current of STATCOM and the original subsynchronous current in the d-q coordinate system.
Similarly, the control system of STATCOM senses the varying voltage of PCC and induces the subsynchronous current through the AC voltage control loop. The current is superimposed on the original subsynchronous component. Finally, the induced currents of the DFIG and STATCOM are superimposed together, as shown in (15) .
Let A = −( I sq_er sin ϕ sq + I q_er sin ϕ q ) B = I sq_er cos ϕ sq + I q_er cos ϕ q
The current responses of the DFIG and STATCOM are superimposed on the original component at PCC. If they have the following relationship, the original component will be strengthened, which may cause sustained SSO.
When the angle between the two components is less than 90 degrees, the oscillation will be intensified. According to the (17) and (18), it can be written as
Since −90 • < ϕ < 90 • , there is cos ϕ > 0 and equivalently B > 0. Therefore, B can be used as an indicator in the criterion determining whether SSO occurs with a specific configuration of the controller parameters of the DFIG and STATCOM:
Criterion:
• If B > 0 at any frequency, a potential SSO mode exists and can be energized by a disturbance.
• The bigger B, the higher the risk of SSO. The flowchart of the proposed whole method for identification of risks of SSO is shown in Fig.7 .
Based on the system model shown in the Fig.3 with parameters given in Table 1 to Table 3 (referred to as a basic case), we can draw a curve of B as a function of frequency.
It can be seen from Fig.8 that the curve of B exhibits an oscillating state rather than a monotonic function. Frequency segments with B greater than zero include 7.3 to 12.8 Hz, 14.8 to 17.7 Hz, 21.6 to 25.8 Hz, and 32.6 to 43.3 Hz, which means that these bands are prone to SSO. The frequencies corresponding to the four peak points are 9.5Hz, 16.6Hz, 23.4Hz, and 37.4Hz, which implies that SSO most likely occurs at these points because the responses of the DFIG and STATCOM controllers have the strongest boost to the original components at these frequencies according to the criterion.
C. TIME DOMAIN SIMULATIONS AND SPECTRUM ANALYSIS OF SSO
In order to verify the above findings, we perform time domain simulation using MATLAB Simulink with fully detailed DFIG and STATCOM models for the study system in Fig.3 . Under a small disturbance, the line current waveform and spectrum analysis results are shown in Fig. 9 .
It can be found from the spectrum that the primary oscillation frequency is 37 Hz, and the other distinct harmonic components are 9 Hz, 17 Hz and 23 Hz, which are very close to the analysis of the criterion. The spectral analysis of the current waveform verifies the frequency points given by the criterion that are prone to SSOs.
D. THE INFLUENCE OF RSC CONTROL PARAMETERS ON SSO 1) THE PROPORTIONAL COEFFICIENT OF THE CURRENT INNER LOOP IN RSC
Based on the basic case, when the K p2 changes, the SSO of the wind farm changes as shown in the Fig.10 .
According to the criterion, the primary oscillation frequency and the corresponding oscillation peak will increase as K p2 increases. Time domain simulation and its spectrum analysis show that the primary oscillation frequency and oscillation amplitude do increase with the increase ofK p2 .
2) THE INTEGRAL COEFFICIENT OF THE CURRENT INNER LOOP IN RSC
Based on the basic case, when the K i2 changes, the SSO of the DFIG changes as shown in the Fig.11 .
The primary oscillation frequency increases with the increase of K i2 , and there is also a corresponding increase in the oscillation amplitude. The criterion, time domain simulation and spectrum analysis yield the same conclusion. Next, we explore the influence of STATCOM on SSO with DFIG-based wind farm.
IV. THE INFLUENCE OF STATCOM ON SSO WITH DFIG-BASED WIND FARM A. THE ANALYSIS BASED ON THE CRITERION 1) THE CURRENT INNER LOOP PROPORTIONAL COEFFICIENT OF STATCOM
Based on the basic case, when the K sp2 changes, the SSO of the DFIG-based wind farm changes as shown in Fig.12 .
As the K sp2 increases, the oscillation amplitude of the primary frequency increases according to the criterion, which are consistent with the results of the time domain simulation and the spectrum analysis.
2) THE CURRENT INNER LOOP INTEGRAL GAIN OF STATCOM
Based on the basic case, when the K si2 changes, the SSO of the DFIG changes as shown in Fig.13 . According to the criterion, the primary oscillation amplitude increases slightly with the increase of K si2 . The results of the time domain simulation and the spectrum analysis verified that the criterion could accurately estimate the amplitude and frequency of the primary subsynchronous component in the line current.
B. MODAL ANALYSIS OF THE EQUIVALENT SYSTEM 1) STATE-SPACE MODEL
The small signal model of the DFIG grid-connected system can be expressed aṡ
δ pll is the phase angle measured by PLL, x pll is the state variable of PLL, x ω is the state variable of the shafting system, ω r is the angular velocity of the rotor, u rd andu rq are rotor voltage, and x 1 , x 2 , x 3 , x 4 are state variables of voltage and current loop of DFIG rotor side converter respectively. i ld and i lq are current of transmission lines, u sd and u sq are PCC voltage, u ld and u lq are the voltage of the transmission line. The STATCOM is a voltage source converter-based FACTS controller [23] , [24] . The primary function of the STATCOM is to regulate the PCC voltage and the DC-side voltage. The dynamic model of the STATCOM is developed in synchronously rotating d-q reference frame with the q-axis being aligned with the bus voltage vector [25] .
where 
Referred to the Q-axis, it is considered that u Qs = u s and u Ds = 0. Hence, the active current i P and reactive current i R of the STATCOM at the PCC can be rewritten as
When interfaced with a network, the STATCOM currents i D and i Q are transformed into reference value in the synchronously rotating d-q frame of the network, which can be expressed as i d andi q , respectively. The currents of STATCOM in d-q frame are written as
Similarly, PCC voltages u sd , u sq and STATCOM bus voltages E Dst , E Qst are transformed into the d-q frame using the transformation matrix. The diagram of STATCOM control block under constant reactive power control strategy is shown in Fig.5 . According to Fig.5 , the STATCOM controller model is
The overall linearized system state-space model is
2) MODAL ANALYSIS
The complex eigenvalues that are strictly related to the STAT-COM and the AC grid are listed in Table 4 . For these oscillatory modes, participation factors of state variables associated with STATCOM are shown in Table 5 .
Clearly, there exists a pair of conjugate eigenvalues (λ 5, 6 ) whose frequency is located in the subsynchronous range, and this oscillation mode is closely related to the state variables of STATCOM. That is precisely the mode that should be noted. Moreover, the real parts of the eigenvalues are positive, which means that the SSO between the wind farm and the AC grid is unstable. The modal analysis has revealed that if multiple DFIGs are connected to an AC grid with poorly damped or unstable SSO modes, then the stability can be significantly influenced by the STATCOM and its controller. 
3) THE IMPACT OF STATCOM CONTROLLER ON SSO
The change of the small-signal stability regarding the SSO mode with STATCOM is illustrated in Fig.14 . Here K sp2 and K si2 represent the proportional and integral coefficient of the current inner loop control of the STATCOM, Q st_ref is the output reactive power reference of the STATCOM.
It can be found that the SSO mode eigenvalues become less stable with an increase in the proportional and integral coefficient of the current inner loop, and cross the imaginary axis at the critical parameter level. This means that as K sp2 and K si2 increase, the oscillation will grow, which is consistent with the conclusion of the proposed criterion. The SSO mode eigenvalues become more unstable with a decrease of the reactive power output of STATCOM and cross the imaginary axis when the reactive output power reduces to a certain level.
C. TIME DOMAIN SIMULATION
Time domain simulation is performed to validate the result of modal analysis, and the system model is shown in Fig.3 . A small disturbance is added at 0.5s, and Fig.15 shows the voltage waveforms in PCC at a different proportional and integral coefficient of current inner loop control and reactive power output of STATCOM. Fig.15 (a) shows the voltage waveform at PCC under different K sp2 . With the increase of K sp2 , the amplitude and frequency of the SSO increases. Fig.15 (b) shows the voltage waveform in PCC under different K si2 . With the rise of K si2 , the amplitude and frequency of the subsynchronous oscillation increases. The above simulation results are consistent with the analysis of the proposed criterion. Fig.15(c) shows the voltage waveform in PCC under different reactive power output of the STATCOM. With a decrease of the reactive power reference, the SSO has intensified.
V. CONCLUSION
In this paper, an equivalent system model is established to analyze the mechanism of one type of SSO in a DFIGintegrated power system without series compensation. The following conclusions can be drawn.
1) This type of SSO is not caused by subsynchronous resonance as many other reported SSO events involving series compensation. It is mainly caused by improper configuration of control parameters with the DFIG and STATCOM, which unexpectedly boosts oscillation amplitudes at certain subsynchronous frequencies. 2) A criterion is derived from the analysis of harmonic response to give the subsynchronous frequencies at which a DIFG-based wind farm is prone to SSO under a disturbance. Time domain simulation and spectrum analysis have verified the correctness of the criterion. 3) To prevent this type of SSO, suggestions have been provided, including appropriately reducing the proportional or integral coefficients of the inner loop current control of the DFIG and STATCOM, or increasing the reactive power output of the STATCOM. He is currently an Associate Professor with the School of Electrical and Electronic Engineering, North China Electric Power University. His research interests include power system subsynchronous oscillation, low frequency oscillation, and load modeling.
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